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Abstract  
The new cold-formed LiteSteel beam (LSB) sections have found increasing popularity in residential, industrial and 
commercial buildings due to their lightweight and cost-effectiveness. They have the beneficial characteristics of including 
torsionally rigid rectangular flanges combined with economical fabrication processes. Currently there is significant 
interest in using LSB sections as flexural members in floor joist systems. When used as floor joists, the LSB sections 
require holes in the web to provide access for inspection and various services. But there are no design methods that 
provide accurate predictions of the moment capacities of LSBs with web holes. In this study, the buckling and ultimate 
strength behaviour of LSB flexural members with web holes was investigated in detail by using a detailed parametric 
study based on finite element analyses with an aim to develop appropriate design rules and recommendations for the safe 
design of LSB floor joists. Moment capacity curves were obtained using finite element analyses including all the 
significant behavioural effects affecting their ultimate member capacity. The parametric study produced the required 
moment capacity curves of LSB section with a range of web hole combinations and spans. A suitable design method for 
predicting the ultimate moment capacity of LSB with web holes was finally developed. This paper presents the details of 
this investigation and the results. 
Keywords: Cold-formed steel structures, LiteSteel Beam (LSB), Web opening, Nonlinear finite element analysis 
 
1. Introduction 
LiteSteel Beam (LSB) is an innovative cold-formed steel hollow-flange section recently developed by Austrian Tube 
Mills (ATM). The LSB section has found increasing popularity in residential, industrial and commercial buildings, not 
only due to their light weight and cost effectiveness, but also due to their beneficial characteristics of including torsionally 
rigid flanges combined with economical fabrication processes. The LSB sections can be used as flexural members, truss 
members and studs in a range of building systems. Currently there is significant interest in using LSB sections as flexural 
members in floor joist systems. When used as floor joists, the LSB sections require holes in the web to provide access for 
inspection and various services. 
LiteSteel beams with intermediate spans are subject to lateral distortional buckling, and recent studies 
(Mahaarachchi and Mahendran, 2005a,b) have investigated this type of failure behaviour of LSBs in detail. These studies 
led to the development of new design rules for such members primarily used in flexural applications (SA, 2005). However, 
the structural behaviour and failure characteristics of LSB floor joists with web opening have not been investigated. 
Therefore a detailed research study was undertaken to determine the section and member moment capacities of LSB floor 
joists with web openings using both experimental and numerical studies. The lateral distortional buckling behaviour and 
the member moment capacity of LSB sections with circular web holes were investigated using an extensive series of 
laboratory experiments (Pokharel and Mahendran, 2006a) while their section moment capacity was investigated using 
plastic bending tests (Pokharel and Mahendran, 2006b). Suitable finite element models were developed to investigate the 
member moment capacity of LSB sections with web holes and were validated by comparing with corresponding test 
results (Pokharel and Mahendran, 2006c). This paper presents a description of an ideal finite element model of LSB 
flexural members with circular web holes subject to pure bending, the parametric study based on this ideal model, the 
moment capacity results obtained from it and suitable design rules. 
 
2. Finite Element Model  
Ideal finite element models were used in the parametric study to generate member capacity curves suitable for the design 
of LSB flexural members with circular web holes. These models incorporated ideal support conditions, nominal 
imperfections and material properties and a uniform bending moment within the span. In this study, ideal finite element 
models of LSB flexural members without any web holes were also developed and analysed in order to study the moment 
capacity reduction due to the presence of web holes. The cross-section geometry of the ideal model was based on the 
nominal dimensions provided in Table 1. 
 
2.1 Finite Element Discretization  
To simulate the true structural behaviour of LSB floor joists with web openings, it is necessary to give attention to several 
considerations. Since the thin steel plate elements of the LSB sections are subjected to local buckling and lateral 
distortional buckling effects, the chosen element must be capable of modelling these buckling phenomena and associated 
behaviour. It must be capable of modelling the structural behaviour both in linear and non-linear regions involving large 
displacements, elasto-plastic deformations and associated plasticity effects. There are different types of shell elements 
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available in the ABAQUS element library (HKS, 2007). In this study the S4R5 three dimensional (3D) thin isoparametric 
quadrilateral shell element with four nodes and five degrees of freedom per node was used to model the steel plate element 
as it is considered the most suitable for the proposed finite element analysis.  
 
Table 1 Available LSB Sections 
Depth 
Flange 
Width 
Flange 
Depth 
Thickness Corner Radius 
LSB Section 
D (mm) bf  (mm) df (mm) t (mm) ro (mm) riw (mm) 
300x75x3.0 300 75 25.0 3.00 6.0 3.0 
300x75x2.5 300 75 25.0 2.50 5.0 3.0 
300x60x2.0 300 60 20.0 2.00 4.0 3.0 
250x75x3.0 250 75 25.0 3.00 6.0 3.0 
250x75x2.5 250 75 25.0 2.50 5.0 3.0 
250x60x2.0 250 60 20.0 2.00 4.0 3.0 
200x60x2.5 200 60 20.0 2.50 5.0 3.0 
200x60x2.0 200 60 20.0 2.00 4.0 3.0 
200x45x1.6 200 45 15.0 1.60 3.2 3.0 
150x45x2.0 150 45 15.0 2.00 4.0 3.0 
riw
ro
ro
ro
robf
df
d
df
tθ
 150x45x1.6 150 45 15.0 1.60 3.2 3.0 
 
In finite element analyses, selection of mesh size and layout is also critical. It is desirable to use as many elements as 
possible in the analysis. However, such an analysis will require excessive computer time and resources.  In this analysis, 
adequate numbers of elements were chosen for both flanges and web based on detailed convergence studies in order to 
obtain sufficient accuracy of results without excessive use of computer time and resources. By varying the element size, 
the adequacy of finite element mesh used in the model was studied. It was found that good simulation results were 
obtained by using the element size of approx. 5 mm×10 mm (width by length) for web and flange elements. The geometry 
and finite element mesh for a typical LiteSteel Beam model with circular web openings is shown in Figure 1. 
 
2.2 Material Model and Properties  
The ABAQUS classical metal plasticity model was used in all the analyses.  This model implements the von Mises yield 
surface to define isotropic yielding, associated plastic flow theory, and either perfect plasticity or isotropic hardening 
behaviour.  For the model used in this study, a simplified bilinear stress-strain curve with no strain hardening was used. 
The ideal finite element models incorporated the nominal web and flange yield stresses of 380 MPa and 450 MPa, 
respectively. These yield stresses are the minimum specified values for the range of LSB sections presented by Pokharel 
and Mahendran (2006a). The elastic modulus and Poisson’s ratio were taken as 200 GPa and 0.3, respectively. 
 
2.3 Loads and Boundary Conditions  
The objective of the finite element model was to provide “idealised” simply supported boundary conditions and a uniform 
applied bending moment, suitable for the development of design curves.  Idealised support conditions for beams are 
required to satisfy the following requirements: 
 
1) Simply supported in-plane. That is, both ends fixed against in-plane vertical deflection, but unrestrained against 
in-plane rotation, and one end fixed against longitudinal horizontal displacement. 
2) Simply supported out-of-plane. That is, both ends fixed against out-of-plane horizontal deflection and twist rotation, 
but unrestrained against minor axis rotation and warping displacement. An illustration is provided in Figure 1(a). 
 
To simulate a uniform end moment across the section, linear forces were applied at every node of the beam end, where the 
upper part of the section was subject to compressive forces while the lower part was subject to tensile forces. The required 
uniform bending moment distribution within the span was achieved by applying equal end moments using linear forces at 
the end support.  
For the present elastic and nonlinear finite element analyses the following boundary conditions are applied where T[x, 
y, z] indicates translational constraints, and R[x, y, z] indicates rotational constraints about x-, y-, and z-axis, respectively; 
A “0” indicates constraint, and “-” indicates no constraint. The pin support at the end was modelled by restraining 
appropriate nodes degrees of freedom T [-, 0, 0] and R [0, -, -]. To simulate the symmetric condition support at the middle 
of span, the following nodes degrees of freedom T [0, -, -] and R [-, 0, 0] were restrained. This combination simulates a 
simply supported condition with warping free and local flange twist restraint conditions. The ideal FE model is shown in 
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Figure 1(b). The ideal FEA models were used to obtain both the member and section moment capacities of LSBs. For 
member capacities five different spans of 1, 2, 4, 6 and 8 m were chosen whereas for section moment capacities, short 
spans such as 500 mm, 400 mm, 300 mm, and 200 mm were chosen and the models were laterally restrained along one 
side of both flanges. In the latter case, the model span was varied slightly in order to accommodate three holes (one at 
midspan) as shown in Figure 1(b) so that the effect of hole spacing was modelled. 
 
 
(a) (b) 
 
Restrained 
DOF “156”
Restrained 
DOF “234”
End moment simulation
Restrained 
DOF “156”
Restrained 
DOF “234”
End moment simulation  
(c)                                                                                        (d) 
Figure 1 (a) Simply Supported LSBs (b) FE Model of 250x60x20 LSB, Diameter=150mm, spacing=500mm, 
Span=2000mm, (c) Ideal FE Model of 250x60x2.0LSB, Diameter = 150 mm, Spacing = 500 mm and Span = 4000 mm, 
(d) FE Model of 250x60x2.0LSB, Diameter = 150 mm, Spacing = 500 mm and Span = 8000 mm 
 
2.4 Initial Geometric Imperfections 
Initial geometric imperfections of LSB specimens were measured by Mahaarachchi and Mahendran (2006) and Seo et.al. 
(2008) and the results indicated that the local plate imperfections were within the manufacturer’s fabrication tolerance 
limits while the overall member imperfections were often less than span/1000, except in some cases where they were 
closer to span/1000. Based on these findings and the AS 4100 fabrication tolerance for compression members (SA, 1998), 
a nominal overall member imperfection magnitude of span/1000 was used in the ideal finite element models used in this 
parametric study. The critical imperfection shape was introduced by ABAQUS *IMPERFECTION option with the lateral 
distortional buckling eigenvector obtained from an elastic buckling analysis, and therefore included lateral displacement, 
twist rotation, and cross-section distortion. 
 
2.5 Residual Stresses 
The residual stresses in the new LSB sections produced using the latest dual welding and cold-forming technologies have 
unique characteristics. Mahaarachchi and Mahendran (2006) therefore conducted tests using the sectioning method to 
determine the residual stresses of LSB sections and developed an approximate residual stress model with both membrane 
and flexural type residual stresses. Recent residual stress tests of the LSB web elements (Seo et al. 2008) have shown that 
the membrane residual stresses were only 0.15fy and -0.15fy and not 0.60fy and -0.41fy as measured by Mahaarachchi and 
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Mahendran (2006). It appears that the LSB manufacturer has improved the manufacturing process as the recently 
measured membrane stresses (Seo et al., 2008) are considerably smaller than those measured on LSBs about three years 
ago. Seo et al. (2008) undertook a sensitivity study to investigate the effect of residual stresses on the member moment 
capacity of LSBs and showed that the web membrane residual stresses had only a small effect. This implies that there may 
not be a need to further improve the manufacturing process to reduce the level of residual stresses in LSBs. The inclusion 
of web holes in LSBs is likely to reduce the web membrane residual stresses. Therefore, both membrane and flexural 
residual stresses were included in the finite element models used in this study except the web membrane residual stress. 
The idealized residual stresses were modelled using the ABAQUS *INITIAL CONDITIONS option, with TYPE = 
STRESS, USER. The user defined initial stresses were created using the SIGINI Fortran user subroutine 
 
3. Moment Capacity Results 
 
3.1 Details of Parametric Study 
The ideal finite element model accurately represents a simply supported LiteSteel beam section with web holes subject to 
a uniform bending moment, with idealised boundary conditions. Initial geometric imperfections, local buckling 
deformations, cross-section distortion, material characteristics and spread of plasticity effects were all explicitly modelled 
in the ideal model.  The finite element solver ABAQUS 6.7 (HKS, 2007) was used to analyse the model in order to obtain 
the ultimate moment capacity of each LiteSteel beam section with circular web holes for a range of spans and different 
web hole configurations. Although there are 13 different LSB sections available, seven LSB sections that are most likely 
to be used in floor joist systems were selected for this study. They were two non-compact sections (300x75x3.0 LSB and 
200x60x2.0 LSB), two slender sections (300x60x2.0 LSB and 250x60x2.0 LSB) and three compact sections (250x75x3.0 
LSB, 200x60x2.5 and 150x45x2.0 LSB). Four different sizes of circular web holes were considered for varying spans (1, 
2, 4, 6 and 8 m for member capacities and 200 to 500 mm spans for section moment capacities). These web hole sizes 
included diameters of 50, 100, 150 and 200 mm and their spacing was in the range of 100 to 500 mm. The use of different 
sections, spans and web opening configurations provided many different parameters, thus enabling the investigation of 
lateral distortional buckling behaviour of LSB sections with web holes covering all possible practical scenarios. 
 
3.2 Failure Modes 
Elastic buckling analyses of ideal finite element models were undertaken first, followed by non-linear analyses. Elastic 
buckling moments of LSB members with web holes were obtained from the first analyses while the latter gave the 
ultimate moments. Buckled shapes corresponding to the various buckling modes were visualised. The most common 
failure mode of the LSB members with web holes for the spans (2000 mm and 8000 mm) was found to be lateral 
distortional buckling. Figure 2 shows the typical lateral distortional buckling and ultimate failure modes obtained from the 
elastic buckling and nonlinear analyses of the ideal finite element model of LSBs with web openings. 
   
(a) Buckling Analysis                                                     (b) Nonlinear Analysis 
Figure 2 Lateral Distortional Buckling and Ultimate Failure of 300x60x2.0 LSB (Span=2000mm, D=100mm, S= 
200mm) 
 
3.3 FEA Results 
The results of these finite element analyses (FEA) were combined and plotted to produce a series of member capacity 
curves for the design of LiteSteel beam sections subject to flexural action. Selected moment capacity results are shown in 
Figure 4 in a non-dimensionalised format where the horizontal axis was the ratio of web hole spacing to web hole 
diameter (S/D) while the vertical axis was the moment capacity (Mu). The results confirm that the effect of hole sizes and 
spacings on the ultimate moment capacity of the slender LSB sections with web hole is not significant. 
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Figure 4 Effect of Web Holes Size and Spacing on the Moment Capacity of 300x60x2.0 LSB and 250x60x2.0 LSB 
 
4. Design Rules 
 
4.1 Current Design Rules 
Current design rules for web openings are mainly targeted at plate girders, W-shaped beams, I-girders etc. whereas some 
others focus on conventional hot-rolled and cold-formed steel members. These rules often deal with only the shear and 
section moment capacities of beams with web openings. Furthermore, the rules for cold-formed steel beams are limited to 
certain sections, and their application can not be extended to other cold-formed steel sections. The LSB sections with web 
holes are new cold-formed steel sections and their structural behaviour has not been investigated yet. Hence the current 
design rules cannot be extended to the new LSB sections without a detailed investigation. The results from the detailed 
parametric FEA study reported in the earlier sections are therefore used to develop appropriate design rules.  
 
4.2 Proposed Design Moment Capacity Rules 
This paper has presented the details of finite element analyses undertaken to investigate the lateral distortional and local 
buckling behaviour and the ultimate moment capacities of LSB sections with circular web holes. Figure 5(a) presents the 
moment capacities of seven LSB sections comprising of two slender, three non-compact and two compact sections. It 
shows the normalised numerical moment capacity (Mu/My) versus the non-dimensional member slenderness (λd) in which 
My and λd allow for the presence of web holes. In plotting the data points in Figure 5(a), both the ultimate moment 
capacity Mu and the elastic lateral distortional buckling capacity Mod were obtained from FEA.  
The member capacity of LSB flexural members with small holes, large spacing and long span can be generally well 
predicted using the design methods developed for members without web openings as the lateral distortional buckling 
strength follows a similar trend. But in the case of short spans (less than 2.0 m), a different buckling behaviour was 
evident depending on the size and spacing of web holes with the worst case of large hole diameter and small spacing and 
the best case of small diameter and large spacing. For 1 m spans both local and lateral distortional buckling modes were 
observed. Lateral distortional buckling occurred in the following cases: 300x75x3.0LSB (D=200 mm, S=250 mm), 
300x60x2.0LSB (D=200 mm, S=250 mm), 250x75x3.0LSB (D=150 mm, S=200 mm), 200x60x2.5LSB (D=100 mm, 
S=150 mm), 200x60x2.0LSB (D=100 mm, S=150 mm) and (D=50 mm, S=250 mm), whereas local buckling and yielding 
occurred in the case of 300x75x3.0LSB (D=50 mm, S=250 mm), 300x60x2.0LSB (D=50 mm, S=250 mm), 
250x75x3.0LSB (D=50 mm, S=250 mm) and 200x60x2.0LSB (D=50 mm, S=250 mm). These results can be seen for λd 
values in the range of 0.5 to 0.7 in Figure 5(a). In the case of local buckling, the LSB sections reached almost the first yield 
moment capacity as in the case of LSBs without web opening whereas for lateral distortional buckling, the moment 
capacity was slightly less than the first yield moment capacity. Hence two distinct regions could be identified based on the 
moment capacity results shown in Figure 5(a).  
Best-fit curves were developed based on the minimisation of total errors to represent the two regions in Figure 5(a), and 
are shown in the same figure. The corresponding design capacity equations for LSBs with web openings are shown next. 
The mean and COV of the ratio of moment capacities from FEA and equations (Eqs. 1a and 1b) are 0.9887 and 0.0435, 
respectively, and hence demonstrates a good agreement, as shown Figure 5(b). 
 
                                              For   55.0≤dλ   yu MM =             (1a) 
                                              For  55.0>dλ     
21921.0021.1506.1/ ddyu MM λλ +−=       (1b) 
The non-dimensional member slenderness (λd) is given by: 
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5.0)/( holeswithodyd MM=λ                               (2) 
where My and Mod are the first yield moment capacity and the elastic lateral distortional buckling moment of LSBs with 
web openings. 
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(a)                                                                                           (b) 
Figure 5 (a) Moment Capacities of LiteSteel Beams with Web openings (b) Comparison of FEA results with moment 
capacities predicted by Equations 1a and b 
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(a)                                                                                        (b) 
Figure 6 (a) Comparison of Moment Capacities from FEA and Equations 3a and b (b) Comparison of FEA results with 
moment capacities predicted by Equations 3a and b 
 
The design equations above were developed for all the LSB sections considered in this study. The scatter of data points 
appears to indicate the influence of the geometry of LSBs. For example, slender LSBs are likely to be subjected to a 
higher level of web distortion than compact LSB sections. In order to eliminate the effect of LSB geometry on the scatter 
of moment capacity results, the slenderness parameter (λd) was modified using a factor (k) to include the effect of LSB 
geometry. Since the level of web distortion in LSB sections is likely to depend on the ratio of flange torisional rigidity to 
web flexural rigidity, a factor, k, was defined as a function of the ratio of flange torsional rigidity (Jf) to web flexural 
rigidity (Iweb). By varying the function of k and by solving for the minimum total error, Equations 3a and 3b were obtained 
to represent the two regions. Figure 6(a) shows the comparison of the moment capacity curve predicted by the new design 
equations and FEA results. A good agreement can be seen with a mean FEA to predicted ratio of 1.006 and a COV 0.029. 
The scatter of data points has been reduced as seen in Figure 6(b) and hence it is considered that the new design equations 
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have been able to include the moment capacity variations that occur due to varying geometry of LSB sections.  
 
                                              For   54.0≤kdλ   yu MM =             (3a) 
                                              For 54.0>kdλ     
2)(2177.0069.15173.1/ kkMM ddyu λλ +−=             (3b) 
                                             where, 
holeswithwebf EIGJk ))/(85.0/(1
5.0+=  
 
Pokharel and Mahendran (2006a) conducted a series of lateral buckling tests of LSBs with web openings and their results 
are compared in Figure 7 with the moment capacity curve predicted by Equations 3a and b. To plot the experimental data 
points, their measured section dimensions and yield stresses were used while the elastic lateral distortional buckling 
moments of tested LSB members were obtained from the modified Pi and Trahair Equation 4.  
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The equivalent thickness (tequ) was determined based on the following equation 5 that allows for the web hole area and 
spacing.  
)
4
1(
1
2
Sd
D
tt webequ
π
−=                                                 (5) 
where tequ= web thickness, d1 = web height, D and S = Web opening diameter and spacing 
 
 
Figure 7 Comparison of Moment Capacities from Experiments and Equation 3 
 
Most of the experimental results were limited to modified slenderness (λdk) values in the range of 1.4 to 2.2. However, 
they agree reasonably well with the predicted moment capacities from Equations 3a and 3b. The difference in results is 
possibly due to the approximate elastic distortional buckling moment calculations using Equation 4. Equation 4 assumes 
an equivalent thickness approach for LSB members subject to uniform bending and ideal simply supported conditions 
whereas the tested LSB members were subjected to quarter point loading and slightly different support conditions.  
A reliability analysis of the proposed design rules was undertaken using the following values and procedure given in 
AISI (2001): mean and coefficient of variation of the material factors of 1.1 and 0.1, mean and coefficient of variation of 
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the fabrication factors of 1 and 0.05, coefficient of variation of load effect of 0.21, and a correction factor depending on 
the number of tests. Using the overall mean and coefficient of variation for the FEA to predicted ultimate load ratios and a 
target reliability index of 2.5 for cold-formed steel members, a capacity reduction factor of 0.911 and 0.8911 were 
calculated for Equations 3 and 1. Therefore, Equations 3a and 3b are recommended for the design of LiteSteel beam 
members with circular web openings subject to uniform bending with a capacity reduction factor of 0.9 as used currently 
by most cold-formed steel codes for flexural members. However, Equations 1a and 1b can also be used as the calculated 
reduction factor is 0.8911. It must be noted that in the calculation of member slenderness (Eq.2), Equation 4 can be used to 
predict the elastic lateral distortional buckling moment (Mod) of LSBs with web holes. 
 
5. Conclusions  
This paper has presented the details of a parametric study conducted using finite element models of LSB sections with 
web holes to investigate their lateral distortional buckling and local buckling behaviour and to develop the ultimate 
moment capacities of seven LSB sections with circular web holes. Ideal finite element models subject to uniform bending 
were used to determine both the member and section moment capacities of these sections with various spans and circular 
web openings with varying diameter (50 to 200 mm) and spacing (100 to 500 mm). All significant behavioural effects 
including material inelasticity, local buckling and lateral distortional buckling deformations, web distortion, residual 
stresses, and geometric imperfections were included in the analyses. The FEA results show that the web hole size and 
spacing had an influence on the moment capacity of LSB with web holes. However, when compared with LSB sections 
without web holes, the reduction in the member moment capacity of LSB with web holes was generally found to be small 
(less than 13%). Furthermore, the moment capacity of LSB with web holes was found to be not sensitive to hole spacing 
for long spans. The results show that the moment capacity of LSB is mainly contributed by its two flanges and the 
contribution of the web to section moment capacity is minimal. Based on the moment capacity results, suitable design 
rules have been developed for the moment capacity of LiteSteel beam sections with circular web openings.  
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